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Abstract 

Neutrino masses can be generated by fermion triplets with TeV-scale 
mass, that would manifest at LHC as production of two leptons to- 
gether with two heavy SM vectors or higgs, giving rise to final states 
such as 2£ + 4j (that can violate lepton number and/or lepton flavor) 
or f + 4j + We devise cuts to suppress the SM backgrounds to 
these signatures. Furthermore, for most of the mass range suggested 
by neutrino data, triplet decays are detectably displaced from the 
production point, allowing to infer the neutrino mass parameters. We 
compare with LHC signals of type-I and type-H see-saw. 
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1 Introduction 



The smallness of the observed neutrino masses [1] suggests that they are more hkely generated 
at an energy scale many orders of magnitude above the TeV scale that is going to be explored 
by the LHC pp collider. Nevertheless nothing prevents that the particles that mediate neutrino 
masses have TeV scale masses, and it is worth to see what would be their manifestations, given 
that finding a signal of new physics among the backgrounds present at LHC is easier if one 
knows what to search for. Tree level exchange of 3 different types of new particles with masses 
M can generate neutrino masses: 

• Type I see-saw employs at least two neutral fermions, the 'right-handed neutrinos' with 
Yukawa couplings A: in view of rriu = A^f^/M, for M ~ TeV the Yukawa coupling A 
directly related to neutrino masses are so small that right-handed neutrinos are negligibly 
produced at LHC [2]. 

• Type II see-saw employs a SU(2)i scalar triplet, that would be produced at LHC via its 
gauge interactions leading to the signals explored in [3, 4] if M < TeV; however such a 
small M is not technically natural. 

• Type HI see-saw [5] employs at least two SU(2)i fermion triplets, and we here explore 
their LHC phenomenology. A TeV-scale M is technically natural, although unmotivated. 

Combinations of these neutrino mass sources are also possible, as for example in left-right 
models which contains both type-I and type-II, or as with the adjoint representation of SU(5) 
which contains both type-I and type-Ill [6, 7]. 

Section 2 describes the triplet fermion Lagrangian. Section 3 studies triplet production 
at LHC. Section 4 studies triplet decays. Section 5 combines the previous results to derive 
signatures at LHC. In section 6 we present our conclusions. 



2 The Lagrangian 



Generic neutrino masses can be mediated by at least three fermion S\J{2)l triplets A^" with 
zero hypercharge: the Lagrangian keeps the same structure as in the singlet case, but with 
different contractions of the SU(2)i indices that we explicitly show: 



Mi, 



-^mm + h.c. 

2 * ^ 



(1) 



The SU(2) I gauge index a runs over {1, 2, 3}, r° are the Pauli matrices and e is the permutation 
tensor (£12 = +1); i,j are flavor indices. Gauge covariant derivatives are defined as D = d + 
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igA^T"^; the lepton doublets L = (z/, cl) and the Higgs doublet H = ho) have hypercharge 
Y = —1/2 and Y = 1/2 respectively and transform as a 2 under SU(2)l. Taking into account 
the breaking of SU(2)l, we choose the usual unitary gauge where h+ = and ho = v + h/^/2 
with V = 174 GeV. The three components of the Weyl fermion A^*^ are = with charge 
zero and A^^ = (A^^ =F iN'^)/\/2 with charge ±1. With this convention all kinetic and mass 
terms have conventional normalization. Defining a Dirac spinor \l/c = (A^-, N+) and a Majorana 
spinor "^n = {No,No) the vector couplings become all of vectorial type [8]: 

if = -g2{^N\^^'^c + ^c^'^^n) + e^c^'^c + g2Cw^c$'^c + ■■■ (2) 

A'o has the same Yukawa interaction and mass term as the right-handed neutrino of type 
I see-saw: so one has the usual see-saw formula for light Majorana neutrino masses mu = 
— {v\)'^-M~^-{v\). We work in the basis of A^i mass eigenstates, where M^- = diag (Mi, M2, M3) 
with < Ml < M2 < M3. The light neutrino masses are < mi < m2 < m^. We define the 
parameters rhi = \ J2j ■^^j'^^/^jl that tell how fast Ni decays: Fj = ifiiMf / {Stxv'^) . The fhi are 
unknown, but must satisfy the following neutrino mass constraints 

3 

mi>mi, ^mi>^mi. (3) 

i i=l 

The first bound is known [9] and only holds with three triplets. The second bound can be derived 
applying the Schwarz inequality to the trace of the neutrino mass matrix. The parameter rhi 
is unknown: it can be comparable to the observed solar and atmospheric mass splitting, or it 
could be much smaller (or much larger if cancellations between large Yukawa couplings occur 
in the neutrino masses). 

One or more A'j could be light enough to be probed by LHC. 

It would be especially interesting to measure the properties of the hghtest triplet, Ni, that 
could play an important role in cosmology: its decays source a lepton asymmetry, dominantly 
at temperatures T ~ Mi/20, somewhat depending on the precise interplay between the anni- 
hilation rate, the decay rate and the expansion rate [10]. According to the SM, in cosmology a 
non-zero Higgs vev starts to appear via a second-order phase transition below a critical temper- 
ature comparable to the Higgs mass m^, suppressing the sphaleron rate [11]. As a consequence 
thermal baryogenesis via leptogenesis is suppressed if Mi < 10m h, leading to some absolute 
boundary on Mi even in the most favorable case of a large CP asymmetry in A'^i decays. Along 
the lines of [12] one can invent arguments that allow to argue that values of Mi around this 
anthropic boundary are motivated by multiverse considerations. 

We focus on the lightest heavy triplet A^^i, we denote as i the unknown combination of e, /i, r 
coupled to A^^i, and from now on we drop the index 1 on M and A^. The coupling to the Higgs 
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generates a mass-mixing term between No,N± and z/£,£i respectively: 






No 





-Xv 


-Xv 


M 




(4) 



The resulting Nojvn and N^/Il mixings are of order Xv/M = ^Jffii/M ~ 10~^ and can be 
neglected (the Z couphngs of II has been measured at LEP with precision of about 10"^) and 
the Nq, N± couplings to the Higgs h remain unchanged. The resulting mass splitting between 
the charged and the neutral components of the N"" multiplet is of order fhi and can be neglected 
with respect to the mass splitting generated by one-loop corrections: in the limit M 3> Mz one 
has AM = M±-Mo = 166 MeV [13]. 

The only relevant effect of the mixings is to generate SU(2)L-breaking couplings between 
the N"-, the SM leptons and the heavy Z, vectors that 'eat' the Goldstone components 
of the Higgs. This is how the A NLH couplings involving the Goldstones reappear in the 
Lagrangian. Indeed, the unitary field redefinitions that define the mass eigenstates at first 
order in Xv/M ^ 1 

generate the following couplings [14, 8] 

^ 3 ^I^^A^^^o^/^^ + + h.c.) + |^W^;(2iV+7M^ - V2Noi,eL) + h.c. (6) 

relevant for Nq, N± decays. Such interactions are typical of models where heavy states have a 
SU(2)i-breaking mixing with leptons. Type-III interactions induce mixing effects not only for 
the (unobservable) neutrinos like type-I models but also for charged leptons which leads to a 
rich phenomenology. 

Precision electroweak data are affected via a small correction to the W parameter of [15]: 
W = +a2M^/157rM\ 



3 Production at LHC 



Production at LHC is dominated by gauge couplings: the dominant partonic process that leads 
to pair production of triplets in pp collisions is qq' W^, Z. The partonic production cross 
sections, summed over initial state colors and over final state polarizations, and averaged over 
initial state polarizations, are 

da ^ Yl±}lN^^2M^ + s'-4MH+2si + 2p), (7a) 
dt 16ns'' 
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Figure 1: Left plot: total production cross section at LHC. Right plot: px distribution. 
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where iV^ = 3, /3 = ^1 - AM^/s is the N velocity (0 < /3 < 1) and 

for qq N^N^ 
+ for qq ^ N+N' 
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(8) 



for ud N+N° 



where g\ = T^ — s^^Qg is the Z couphng of quark g for A = {L, R}. This result does not agree 
with eq. (10) of [16]. 811(2)^ invariance is restored in the limit S> M|, and the result 
2(3"„M = 2(T^j = (3"„j = CTdu agrees with [13]. The cross section e~e~^ N~^N~ , relevant for a 
possible future collider, is found by replacing g — > e in eq. (8). 

Fig. la shows a{pp — > NqN±) and a{pp — > N^N_) as function of M at LHC, i.e. at ^/s = 
14TeV. We integrated the parton distribution functions of [17], and we checked that the result 
numerically agrees with the one obtained implementing the triplet model in MadGraph [18]. 
This would lead to about 3 ■ 10^ (10) pairs created at LHC for M = 250 GeV (M = 1 TeV) 
for an integrated luminosity of 3/fb which should be collected at LHC in less than one year. 
These numbers have to be multiplied by about 2 orders of magnitude after 5 years of data 
taking. Therefore LHC should be able to produce at least a few tens of events up to masses of 
M ~ 1 TeV, or even 1.5 TeV in the long term. Fig. lb shows the distribution in the transverse 
momentum p^, as computed by our MonteCarlo for three representative values of M: it is 
peaked at px ~ M/2. 

Testing the production cross section would allow to identify the quantum numbers of the 
particle and to test that /if the theory correctly predicts the gauge interactions of a fermionic 
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SU(2)i triplet (e.g. for a scalar replace /3(3 — /3^/2 in eq. (7b)) but not to study its 

connection with neutrinos. This is encoded in A^o, N± decays, that also define the signatures at 
LHC. 



4 Decays 

The A'^o decay widths agree with the results of [14]: 
T{No^ueh) = T{No^iyeh) = 

T{No W+r) = T{No W-t) = 



1 A^M 
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The Higgs contribution is only possible if uih < M and for M ^ rrih it equals 1/8 of the 
SU(2)x,-invariant width, r(A^o) = r(A^±) = X^M/Stt. The remaining terms arise because of 
lepton mixing, eq. (5), and the fact that in the unitary gauge the W^, Z vectors became massive 
'eating' completely the Goldstones in the Higgs doublet. The possibility that M < Mw such 
that all 2-body decays are kinematically forbidden is already excluded by LEP2. 
The N± decay widths are given by [14] 

The charged/neutral mass small splitting AM ^ 166 MeV is bigger than in all the allowed 
range of M and gives rise to the following extra decay channels [13] 



r(iV± ^ iV»e«T7i) = ^^Z^f , (lOe) 

lOTT'^ 

r{N^ ^ N°fi^¥f,) = 0.12 r{N^ ^ N'^e^H) (lOf) 

which do not depend on any free parameter. Fig. 2 shows the various decay rates as function 
of M for fixed rhi = meV; we recall that A^M = fhiM'^ /v"^. 



6 




10 



— No^vh,N^^ f-h 



No ^ Zv, N- ^ Z(- 



— A^o ^ w^r, N- ^ w-v 



N- ^ A^o^" 



- - N- ^ N,J-v 



10 



100 



300 



1000 



M in GeV 



Figure 2: Triplet decay widths as function of the triplet mass for mi = meV and nih = 115 GeV. 

Notice that, while pp —>■ N'^N'^ does not arise at tree level, this production channel is 
effectively produced by the A^^ N^tc^ decay because the vr^ are too soft to be observed. 
The decay mode into pions is dominant for m < 3 ■ 10~^ eV ■ (100 GeV/M)^, so that the effective 
production rate pp —>■ N^N^ is given by the sum of all cross sections in fig. la. 

5 Signals at LHC and displaced vertices 

Production of N^N^ and N^N^ and their decays give rise to a variety of possible final states. 
We focus on those involving jets, that have higher rates than purely leptonic final states, 
and need a discussion of Standard Model backgrounds and how they can be suppressed. In 
section 5.1 we study the signal with the higher rate; lepton flavour violation (LFV) is studied in 
section 5.2, and lepton number violation (LNV) in section 5.3. For simplicity in what follows we 
often leave implicit that events with each particle replaced by its anti-particle are also possible: 
signal and background rates are similar but not equal. 

5.1 The signal with the higher rate 

In view of the small fb-scale cross sections for A^'', A^^ production, we first discuss the channel 
with the relatively higher rate (for rhi > 10~^eV): 

pp — >■ N~^N^ vW^W^f^ — > 4 jets + missing energy + a charged lepton, all hard. (11) 
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In the following discussions we will consider the following set of cuts, needed to make the leptons 
and jets identifiable: 

Ptj > 20GeV, pT,i > lOGeV, ^Rujjje > 0.4, r]j^i < 5. (12) 

where pt is the momentum orthogonal to the beam axis, rj is the pseudo-rapidity and AR = 
(A0^ + Ar]^)^/^, with A0t being the angular separation in the plane Transverse to the beam. 
In order to suppress the SM backgrounds we will also implement the extra cut of eq. (13): 
about 24% (36%) of the signal events pass all cut requirements for M = 250 (750) GeV. With 
an integrated luminosity of 3/fb, this would lead to about 100 events for M = 250 GeV. 

Disregarding mis-detections and particles escaping because of the geometrical acceptance 
of the detectors we identify as possible SM backgrounds: 

i) pp —>■ {V —>■ 2j){V 2j){W~ iu) with V either a W or Z; its total cross section is 
about 37 fb [18]. 

ii) pp —>■ 4j{W~ —>■ iu) where j means a light jet orginated by QCD interactions has a larger 
cross section, about 4500 fb [19], after imposing the cuts of eq. (12). 

iii) pp {t b{W~ —>■ —>■ bjj) has an even larger cross section, about 160 pb. 

All above background cross sections have been computed summing over lepton flavors and can 
be reduced to zero exploiting the fact that type-Ill see-saw produces uncorrelated {lu) pairs, 
while the above SM processes produce pairs correlated through W decays. In practice, this can 
be done by requiring that the measurable transverse mass uit of the i, p system does exceed 
the W mass, such that these particles cannot come from W decays: 

ml = 2EI$t{1 - cos 0fj > (13) 

where 0^^, is the angle between the missing transverse momentum and the transverse com- 
ponent of the lepton momentum, p^. Having used this cut, it will be of utmost importance to 
understand the instrumental sources of isolated leptons uncorrelated to the missing energy: we 
do not fully address this detector issue. 

iv) pp —>■ 4:j{Z uu){W^ iu) has a cross section of about 200 fb [20] (summed over 
lepton flavors; only the cuts on jets are imposed). This background cannot be suppressed 
using eq. (13) and is not yet implemented in any available code; therefore we can only 
study it in a semi-quantitative way. We estimate that it can be reduced down to ~ 10 fb 
by requiring that the 4j system reconstructs a WW pair, having assumed that two jets 
ji ad j2 reconstruct a vector V if their invariant mass m{jij2) satisfles 

|m(jij2) - My I < 10 GeV. (14) 
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Furthermore, taking into account that larger M imphes a smaller signal but also harder 
leptons and jets, we can impose e.g.: 

p^>0.25M. (15) 
this cut on the lepton pt only mildly reduces the signal. 

Observing the process in eq. (11) allows to determine the parameter M . Indeed M is equal 
to the invariant mass of the system made out of the charged lepton and the two jets produced 
in the decay. To determine which two jets come from iV" decay one can divide the four jets 
in pairs, each with invariant mass close to Mw-, and assume that the right jets pair is the one 
with the smallest Ai? with respect to the charged lepton. 

After the discovery of the signal eq. (11) other signatures with lower rate but similar final 
states can be used to check the model. Once the properties of the Higgs boson will be assessed 
by the LHC, eqs. (9) and (10) predict the ratio of any possible decay chain without pions over 
the rate of the discovery signal. This prediction is independent of the value of A and weakly 
sensitive to M (for M at least few hundreds of GeV), providing an early check on the coupling 
structure of the theory we are studying. 

5.2 Lepton- flavour violating signatures 

Lepton-flavour violation manifests in processes like pp — iii2ZW~^ and pp — > £ii2ZZ, where ii 
and £2 denote any two lepton flavors present in i, whose branching ratios depend on the flavor 
of i. The decays Z — > or Z ^ e+e~ would give the cleanest signature. We here study the 

less clean signature with largest event rate, obtained when all weak vectors decay hadronically, 
giving 

pp hh^j (16) 

without missing transverse energy Et- The SM backgrounds that can fake this signal are 
processes where lepton flavor is carried away by neutrinos, that escape carrying away a missing 
Et below the energy resolution of the detector. One needs to consider at least the following 
processes (we quote background cross-sections for any given pair of lepton flavors ii and £2) 

i) pp {W~ £iT^ii){W'^ 4j) has a small cross-section, about 0.04 fb [18] 
after imposing the cuts of eq. (12), and can be reduced down to a negligible level by 
requring a below-treshold 

ii) pp {W~ iih'iJiW'^ l2Vi2)'^j is analogous to the previous process, but with the 
jets produced from QCD rather than electroweak processes. The cross section is 50 fb [20] 
(only the cuts on jets are imposed), below the background iii), and can be reduced in a 
way similar to the one we now discuss. 
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iii) pp ^ {i ^ MiUeJit bl2i^e2)'^j with the jets produced by QCD. After imposing the cuts 
of eq. (12) the cross section is 7200 fb [18]: we need to suppress it with appropriate cuts, 
taking into account the pecuharities of the signal. First, the requirment that the 2jbb 
system reconstructs a VV pair (imposing the criterion of eq. (14)) lessen this background 
to 250 fb. Second, we can require that leptons have a large enough pt, eq. (15). 

Let us consider for example the case M = 250 GeV: imposing p^ > 70 GeV reduces the 
background to 36 fb, to be compared with a signal cross section of 

240 fb X BR(A^+iV° ^ ZW-^iih) <8ih. 

We have not optimized the cuts in p^ and pj^, and not used cuts on ^rp. For larger values 
of M, one has to wait for a larger integrated luminosity for a discovery which would also 
imply a better understanding of the detector, allowing to reliably impose a cut on the 
absence of missing transverse energy A larger M implies a more central production 
of A^: for example we assume M = 750 GeV, we impose rjij < 2.5, and fix eq. (15) to 
p^ > 140GeV yielding a background cross section of about 1.7 fb. Imposing < 50 GeV 
(that seems a reasonable estimate for the resolution of a well understood detector) the 
background gets reduced to about 0.25 fb. Under the same cuts and the same BR as 
above the maximal signal cross section is 0.08 fb. 

iv) pp {i MiUeJit — ^ bi2^e^)(y 2j) has a total cross section of about 13 fb [18]. The 
process iii) has a larger rate even after the requirements on the four jets. As such iii) is 
always dominant and this process can safely be neglected. 



5.3 Lept on- number violating signatures 

Lepton-number-violation can be discovered in the channels 

pp ^ (iv+ ^ eiz){N^ itw-) = et^tzw- 

pp ^ (A^- ^ i^Z){N^ i2W+) = i^i^ZW^ ' ^ ^ 

All the A^ — > SM decays in eq.s (9) and (10) are expected to have comparable sizable branching 
ratios and measuring the flavors of ii would allow to identify the flavor of the lepton doublet 
coupled to the triplet A^. If A^^ — > A^^tt^ also happen to have a detectably large branching, 
extra L- violating channels where a soft tt^ is present arise: 

pp^ iii27r+ZW+, iii27r^W+W+, iii2Tr+7r-W+W+ . (18) 

Even if the vr^ are too soft to be detected, BR(A^^ —>■ N^tt^) can still be measured from the 
relative rate of iii2W~^W^ vs iii2ZW~^ events (using decay channels that allow to discriminate 
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a Z from a W^] Z ^ bb or into leptons allow an event-by-event discrimination) allowing to 
infer the value of rhi. both type of decays have a detectably large BR if fhi ~ 10~*-^~'^^eV ■ 
(lOOGeV/M)^. Neglecting the soft vr^, all the final-state particles of eq.s (17) and (18) can be 
seen, allowing for a precise measurement of M. 
Let us now discuss the backgrounds 

i) The physical background to (17) is pp — > VV{W^ — ^ if^l7)(W^ — > if'T') where V are 
heavy SM vectors and the (anti-) neutrinos happen to carry so little missing transverse 
energy that their presence is not detected. Using MadGraph [18] we find, at LHC 
a{pp VVW+W+) ^ 0.8 fb and a{pp VVW-W~) ^ 1 fb. 

As in the previous section, hadronic decays of the W^, Z give the signal with the higher rate: 

PP ^ 4^24j (19) 

without missing transverse energy Et- The cross section of the already discussed processes 
i) pp — >• (W~ — ^ (iiUi^){W~ ^2'^£2)(^^ ~^ 4j) is about 0.05 fb, which is already negligible 
before imposing the cuts of eq. (12), (15), etc. The other background to (19) is 

ii) pp {W~ — > iih'e-^)(W~ — > £2'^^2)4j where the jets are produced from QCD. The cross 
section is 20 fb [20] (summed over lepton flavors; only cuts on jets are imposed), and can 
be significantly reduced in a way similar to background iii) in section 5.2. 

Notice that the lepton-number-violating signature also allows to see lepton-fiavour violation 
and, compared to the lepton-fiavour violating and lepton-number conserving signal of sec- 
tion 5.2, has a comparable rate and a much less background, because it cannot be faked 
by ti production. An integrated luminosity of 10/fb should allow to see the LNV signal for 
M<0.8TeV. While the LFV signal of section 5.2 should not be used for a discovery search, 
its later detection would clarify the physics: e.g. it is produced by type-III see-saw and not by 
type-II see-saw. 



5.4 Displaced vertices 

Moreover all the channels above can have an extra signature: we observe that the lifetimes 
T^a = 1/ J2f r(A^'' f) can be so large that A^o, A'i-decay vertices can be detectably displaced 
from the primary production vertex. Indeed in the SU(2)-invariant limit M ^ Mz one has 

Stiv^ meV/100GeVx2 ^ ^ 

Tno = rN± = - = 1-5 cm^— ( — — 1 . 20 

Fig. 3 shows the total life-times r of A^° and of A^^ as function of M and mi. We see that there 
are two possible cases. 
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Figure 3: Contour-plot of triplet life-times for rrih = 115 GeV. 



1. For larger mi, one has smaller Tj^o ^ Tj^±: e.g. Tjyo ^ Tj^± ^ 0.3mm ■ (M/lOOGeV)^ for 
mi ^ (Am2^^)V2 ~ 0.05 eV. 

2. For smaller mi one has t^o 3> tn± ~ 5 cm; A^^ decays predominantly to N'^ir^ leading 
to multiple displaced vertices. Unfortunately the n"^ produced in the N"^ decay are too 
soft to be detected and the typical track produced by A^^*" seems too short to be well 
measured. 

Fig.s 4a and b show the distribution in the secondary vertex displacement A for triplets pro- 
duced at LHC, after taking into account the time-dilatation effect. We see that the average 
displacement perpendicular to the beam axis is (A^) ~ 0.9r, with a minor dependence on M. 
In the direction parallel to the beam axis one has (A||) ^ 2.4r at M ^ 250 GeV and (A||) ^ r 
at M = 1 TeV. Both distributions are very roughly exponentials, dN/dA ^ e^^/^^^ 

Capabilities of LHC detectors (ATLAS, CMS) strongly depend on the unknown flavor com- 
position of the lepton coupled to A^ and on the displacement A, because decays would happen 
in different parts of the apparatus. For smaller A, LHC detectors should allow to reconstruct 
the position of the secondary vertex with an uncertainty of about 0.5 mm and 0.1mm, in the 
directions parallel and orthogonal to the beam axis respectively [21]. For larger A, the A"o dis- 
placement can be A^ ^ 50 cm: in such a case LHC detectors could see the muons but not elec- 
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trons and taus which need almost the full lenght of the inner detector to be properly observed; 
although no dedicated studies exist, a displaced vertex could be identified if Nq fx'^W^ 
happens around the first layers of the muon detector, and the W decays hadronically. 

Finally, if A > 10 m, all the production channels of eq. (8) result in the effective production 
of N^N^ plus one or two undetectable pions. The decayed N"^ have too a short track to be 
tagged or well measured, thus they are of no help. The produced N'^s escape the detector and 
therefore the event has no trigger and no signature. For this reason the detection of events 
with such a large A seems very challenging. 

This opens a plethora of scenarios. In view of the first inequality in eq. (3) (that holds with 
three triplets), any observed triplet lifetime larger than 0.3mm • (lOOGeV/M)^ would imply 
a small nii < (Am^^^^)^/^ i.e. non- degenerate neutrino spectrum. In the most optimistic cases 
where all triplets (A^ = A'^i and N2, N^) have sub-TeV masses, one could infer informations 
on the neutrino masses and mixings and test the consistency of the scenario via the bounds of 
eq. (3). E.g. the second inequality in eq. (3) implies max(mi, m2, ^3) > J2i or equivalently 

Trnin = min(ri,r2,r3) < 1mm- (0.05 eV/ ^ m^) (100 GeV/M)^. (21) 

i 

Measuring Tmin ^ 1 mni and M ^ 100 GeV would e.g. point to neutrinos with normal mass 
hierarchy {J2 mi ^ 0.05 eV) since inverted mass hierarchy {J2 fni ^ 0.1 eV) or a quasi-degenerate 
spectrum (I]mj > 0.15eV) lead to a stronger upper limit on Tmin. Therefore the type-Ill see- 
saw allows to measure the couphngs directly related to neutrino mass physics from displaced 
vertices. 
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5.5 Comparison with displaced vertices in other seesaw models 

In the type-I see-saw, right-handed neutrinos are neghgibly produced unless some Yukawa 
couphng is much larger than what suggested by neutrino masses (thereby loosing a direct 
connection between LHC and neutrino physics) but such a large Yukawa would not lead to 
displaced vertices. Alternatively, right-handed neutrinos might be produced by some extra 
interaction (such as gauged U(1)b-l and/or S\J{2)l extended to SU(3)l)^: it must be stressed 
that the pp N^N^ ififW^W^ or pp A^°A^° ^ ifi^W^W^ channels would lead to 
a displaced vertex phenomenology similar to the one above, eq.s (20) and (21). The lepton- 
number violating N^N^ £ii2W~^W^ channel is of particular interest. This signal is also 
generated by the scalar triplet T of type II see-saw, together with (19), and together with 
lepton-number conserving £i£2^3^4 and with W^W^W~W~ [4]. 

Type-II see-saw can also lead to displaced vertices, but of limited size: the life-time tt of the 
scalar triplet T depends on its unknown relative branching ratios into lepton or Higgs pairs, and 
is maximal when the two BR are equal [22]: tt < Svrf ^/ (M^^Y^i ^D- This leads to tt < 0.3 
mm (M-r/lOO GeV)^ for normal light neutrino hierarchy, Tt < 0.15 mm (M^/lOOGeV)^ for 
inverted hierarchy and less for degenerate spectrum. Consequently, here too the hierarchy 
could in principle be distinguished, but only for approximately equal two branching ratios. 

6 Conclusions 

Although it seems unlikely that neutrino masses are generated by the type-Ill see-saw at en- 
ergies accessible to LHC, we studied what such an encounter of the third type would look like, 
finding very characteristic signals that allow to reconstruct the Lagrangian. 

The unknown parameters are: the mass M of the lightest fermion triplet N = {N°,N^} 
(other triplets might be accessible at LHC); its contribution rhi to neutrino masses, and the 
lepton flavor coupled to A^. Triplet gauge couplings are fully predicted, and they induce a small 
mass splitting M^ri — Mtvo ~ 166 MeV among the charged A^^ and neutral A^" components 
of the triplet A^. Production of triplets in pp collisions is dominated by gauge couplings, 
and fig. 1 shows the predicted cross sections for pp N~ , , N~~ {N^N^ pairs 

are not produced) as function of the triplet mass M. This mass can be inferred from the 
cross section, from the distribution in transverse momentum, and measured from the invariant 
mass of appropriate final-state particles. At an e~e'^ collider, the cross section is maximal at 
s = 1.4 X 4M^, and for the same reason triplets produced by qq' partonic collisions are typically 
moderately relativistic. 

^Production from SU(2)i extended to SU(2)l <Xi SU(2)i^ would not lead to displaced N vertices due to fast 
N decays mediated by a right-handed gauge boson , such as — > iBV-Rdn- 
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Pair production of triplets and their decays gives lepton-flavor and lepton-number violating 
signals. There are two kinds of decays: 

i) A^°, A^^ into a lepton plus a massive SM vector (or higgs, if it is lighter than the triplet), 
with width T ~ rhiM'^/v^, that is small enough to lead to detectably displaced decay 
vertices if mi < 0.1 eV(M/100 GeV)^. 

ii) N^TT^, with width T ~ l/(few cm). 

In section 5.1 we studied the signal with the higher rate, pp — AjC^^rp-^ in sections 5.2 and 5.3 
we studied the most characteristic final states that violate lepton flavor and lepton number: 
two charged leptons accompanied by two massive vectors or higgs. In all cases we studied the 
SM backgrounds and how they can be suppressed allowing for a discovery. The most promising 
discovery channel seems pp £f£2^j, as it has a small background and its rate is only a factor 
2 below the higher rate. 

The decays i) can allow to measure the lepton flavor coupled to A^. Finally, the parameter 
rhi can be inferred from either the BR of the decay mode ii), or from measuring how much 
secondary decay vertices are displaced from the production point. These two signals allow to 
roughly cover the range 10~^ eV < mi < 0.1 eV, especially if M is as light as possible. 
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